Introduction {#s0005}
============

Gastric cancer (GC) is the fourth most common type of cancer and the second leading cause of cancer-associated mortality worldwide [@bb0005]. Although numerous novel chemotherapy regimens have been developed and surgical skills and instruments for the treatment of GC have also improved, the survival rate remains low [@bb0010]. One of the reasons for the poor prognosis of GC is the inability of anticancer agents to target tumor cells and tissues selectively [@bb0015]. Thus, the search for a promising therapeutic target and a novel prognostic biomarker for GC is of great interest. GC tissues often show histological heterogeneity, containing intestinal and diffuse subtypes. In particular, the diffuse type of GC has rich stromal components, consisting of rich collagen [@bb0020]. Recently, the interaction between cancer cells and the stroma has been thought to be primarily responsible for tumor progression and metastasis.

Discoidin domain receptors (DDRs) are unique receptor tyrosine kinases (RTKs) that bind to and are activated by collagens [@bb0025], [@bb0030]. Among the collagen receptor families, DDRs are the only RTKs phosphorylated by various collagens [@bb0035], [@bb0040], [@bb0045]. Various types of collagen act as ligands for DDRs. DDR1 is activated by collagens of type I-VI and VIII, whereas DDR2 is activated by the fibrillar collagens, in particular the collagens of type I and type III [@bb0035]. DDR1 is reported to be preferentially expressed in highly invasive cancer cells, whereas DDR2 is mainly expressed in surrounding stromal cells [@bb0050].

DDR1 has been reported to be highly expressed in a variety of neoplasms, including those in the lung, liver, ovary, and breast, and other types of tumors [@bb0055], [@bb0060], [@bb0065], [@bb0070]. In highly invasive non--small cell lung cancer, DDR1 is reported to be significantly correlated with lymph node metastasis and poor prognosis [@bb0055], [@bb0075]. In pancreatic ductal adenocarcinoma, high expression of DDR1 was found to be significantly associated with poor prognosis [@bb0080]. Recently, Hoon et al. reported that DDR1 expression in GC patients receiving adjuvant chemotherapy was an independent prognostic factor [@bb0085]. DDR1 is reported to regulate diverse functions of tumor cells, including cellular adhesion and morphogenesis, differentiation, migration and invasion, extracellular matrix (ECM) remodeling, proliferation, and apoptosis [@bb0070], [@bb0090], [@bb0095], [@bb0100]. However, the role of DDR1 in GC progression and metastasis is not yet well understood.

Thus, we analyzed the function of DDR1 using DDR1 shRNA. In addition, we investigated the expression of DDR1 using immunohistochemistry to clarify its clinicopathological significance in human GC tissues.

Materials and Methods {#s0010}
=====================

Surgical Specimens of GC Tissues {#s0015}
--------------------------------

Primary tumors were collected from patients diagnosed with GC and treated at the Hiroshima University Hospital. For immunohistochemical analysis, we used archival formalin-fixed, paraffin-embedded tumor samples from 127 patients who underwent surgical resection for GC. Histological classification (intestinal, diffuse-adherent, and diffuse-scattered types) was performed according to the Lauren classification system [@bb0105], [@bb0110]. Tumor staging was performed according to the TNM classification system. Patient privacy was protected in accordance with the Ethical Guidelines for Human Genome/Gene Research of the Japanese Government.

Human GC Cell Lines and Culture Conditions {#s0020}
------------------------------------------

This study examined seven human GC cell lines. MKN1, MKN45, MKN74, HSC39, and KATO-III were purchased from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). TMK1 was kindly gifted by Dr. W. Yasui (University of Hiroshima, Japan). KKLS was kindly gifted by Dr. Takahashi (University of Kanazawa, Japan). These cell lines were maintained in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO) and a penicillin-streptomycin mixture. The cultures were maintained for no longer than 12 weeks after the recovery of cells from frozen stock.

Immunohistochemistry {#s0025}
--------------------

Immunohistochemical staining of paraffin-embedded tissue sections was conducted. The procedures for immunohistochemical detection were as described previously [@bb0115]. Primary antibodies were as follows: polyclonal rabbit anti-DDR1 (Abcam, Cambridge, UK); Ki-67 equivalent antibody (Novocastra; Leica Microsystems, Newcastle upon Tyne, UK); polyclonal rabbit anti-mouse type I collagen (Novotec, Saint-Martin-La-Garenne, France); polyclonal rabbit anti-CD31 (Abcam); polyclonal rat anti-Lyve1 (R&D Systems, Minneapolis, MN); polyclonal rabbit anti phospho-DDR1 (Cell Signaling Technology, Danvers, MA); polyclonal rabbit anti-GFP (Novus Biologicals, Littleton, CO). Transplanted tumor tissues were prepared into 10-mm frozen sections and then were subjected to immunofluorescence analyses using the following primary antibodies: CD31, Lyve-1, type I collagen, p-DDR1, and GFP. The fluorescent signal of secondary antibody was captured by confocal laser-scanning microscopy (Carl Zeiss Microscopy, Jena, Germany). DDR1 staining was considered positive if at least 30% of the cancer cells were stained.

DDR1 Silencing {#s0030}
--------------

For DDR1 silencing, lentiviral particles for shRNA knockdown were purchased from Santa Cruz Biotechnology (Dallas, TX), including Control Lentiviral Particles (\#sc-108080) and DDR1 shRNA(h) Lentiviral Particles (\#sc-35187-v). MKN74 cells were transfected with shDDR1 and scrambled shRNA lentiviral particles according to the manufacturer's instructions. Forty-eight hours postinfection, cell populations were incubated in medium containing the appropriate antibiotic (puromycin) for 2 additional weeks. Antibiotic-resistant pools were expanded and frozen at each cell passage.

Western Blot Analysis and Immunoprecipitation {#s0035}
---------------------------------------------

Cultured GC cells were washed and then scraped into phosphate-buffered saline containing 5 mmol/L EDTA and 1 mmol/l sodium orthovanadate. Pellets obtained by centrifugation were resuspended in a lysis buffer (20 mmol/l Tris-HCl, pH 8.0; 137 mmol/l NaCl; 10% glycerol; 2 mmol/l EDTA; 1 mmol/l phenylmethylsulfonyl fluoride; 20 mmol/l leupeptin; 0.15 U/ml aprotinin) and centrifuged. The supernatant was then collected. Protein lysates from each sample were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis followed by blotting using anti-DDR1 (\#sc-532, Santa Cruz Biotechnology) or anti--β-actin (Sigma-Aldrich) and detection using an enhanced chemiluminescence system.

To assess collagen-induced DDR1 phosphorylation, cell growth was arrested by incubation in serum-free medium for 16 hours and then stimulated with collagen I at 15 μg/ml. For immunoprecipitation assay, 500 μg cell lysate was mixed with rabbit anti-DDR1 antibody (Santa Cruz Biotechnology) overnight at 4°C, and then 40 μl protein-A beads (Cell Signaling Technology) was added and mixed for 1 hour. The protein-bead complexes were washed three times with lysis buffer and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis. This was followed by blotting using anti-phosphotyrosine antibodies (4G10; Upstate Biotechnology, Charlottesville, VA) and detection using an enhanced chemiluminescence system.

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) {#s0040}
----------------------------------------------------------------------

Total RNA was extracted from GC cell lines with an RNeasy Kit (Qiagen, Tokyo, Japan) according to the manufacturer's instructions. cDNA was generated from 1 μg total RNA with a first-strand cDNA synthesis kit (Amersham Biosciences, Buckinghamshire, UK); 1 μl of cDNA was amplified with SYBR-Green in 20-μl reactions, as previously described [@bb0120]. The primer sequences used in this study are summarized in [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}. Expression levels were normalized with GAPDH as an internal control. The experiments were performed in triplicate.

Cellular Proliferation, Migration, and Invasion Assay {#s0045}
-----------------------------------------------------

Cell proliferation, wound-scratch migration, and invasion assays were conducted using a brightfield image label-free high-content time-lapse assay system (IncuCyte Zoom system; Essen BioScience, Ann Arbor, MI) according to the manufacturer's instructions. In brief, for the proliferation assay, equal numbers of cells (1 × 10^5^/well) were seeded onto type I collagen (Trevigen, Gaithersburg, MD)--coated 12-well plates in the appropriate culture medium with supplements or agents, and the percent cell confluence was then continuously measured using the IncuCyte Zoom system over a 5-day period. For the migration assay, cells (1.2 × 10^5^ cells/well) were seeded onto type I collagen (Trevigen)--coated 96-well ImageLock tissue culture plates (Essen BioScience). Once cells reached \>90% confluence, at 12 hours after seeding, wound scratches were made using a 96-pin WoundMaker (Essen BioScience), and relative wound densities were measured using the IncuCyte Zoom system over a 5-day period. For the invasion assay, cells were overlaid with a layer of Matrigel (BD Biosciences, San Diego, CA) after creating the wound scratches and conducting the migration assay. The microplate was then incubated in a 37°C CO~2~ incubator for 30 minutes to allow the Matrigel to gel and then was overlaid with complete medium. Relative wound densities were measured using the IncuCyte Zoom system over a 5-day period. The experiments were performed in triplicate.

Tube Formation Assay {#s0050}
--------------------

For preparation of conditioned medium, MKN74 and DDR1-silenced MKN74 cells were seeded on type I collagen--coated dishes and cultured in fresh medium supplemented with 10% FBS until confluence. Cells were briefly rinsed twice with phosphate-buffered saline followed by incubation with medium supplemented with 1% FBS for 48 hours prior to collection of the culture medium. Cell culture supernatants were centrifuged at 2000 rpm for 10 minutes for removal of cell debris. Human umbilical vein endothelial cells (HUVECs) were incubated in 100-μl conditioned medium in 96-well plates coated with 60 μl Matrigel (BD Biosciences) at a density of 2×10^4^ cells per well. After 24 hours, the number of tubes formed by HUVECs was quantified from three randomly chosen fields (10×).

Animals and Orthotopic Implantation of Tumor Cells {#s0055}
--------------------------------------------------

Female athymic BALB/c nude mice were obtained from Charles River Japan (Tokyo, Japan). Mice were maintained under specific pathogen-free conditions and used at 8 weeks of age. The study was conducted with permission from the Committee on Animal Experimentation of Hiroshima University. To produce gastric tumors, 1 × 10^6^ cells in 50 μl of Hank's balanced salt solution were injected into the gastric walls of nude mice under zoom stereomicroscope observation (Carl Zeiss, Gottingen, Germany). To produce experimental liver metastasis, 1 × 10^6^ cells in 50 ml of Hanks' balanced salt solution were injected into the spleens of nude mice.

Necropsy and Histological Studies {#s0060}
---------------------------------

Mice bearing orthotopic tumors were euthanized with pentobarbital, and body weights were recorded. After necropsy, tumors were excised and weighed. For immunohistochemistry, one part of the tumor tissue was fixed in formalin-free immunohistochemistry zinc fixative (BD Pharmingen, San Diego, CA) and embedded in paraffin; the other part was embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), rapidly frozen in liquid nitrogen, and stored at --80°C. All macroscopically enlarged regional (celiac and para-aortal) lymph nodes were harvested, and the presence of metastatic disease was confirmed by histological examination.

Quantification of Microvessel Area and Ki-67 Labeling Index {#s0065}
-----------------------------------------------------------

To evaluate the angiogenic and lymphangiogenic activity of the tumors, the areas of microvessels (CD31+) and lymphatic vessels (Lyve-1+) were quantified. Ten random fields at ×400 magnification were captured for each tumor, and the vessel area including the lumen was calculated with the use of ImageJ software version 1.47v (NIH, Bethesda, MD). The Ki-67 labeling index was determined by light microscopy at the site of the greatest number of Ki-67+ cells. Cells were counted in 10 fields at 200× magnification, and the number of Ki-67+ cells among approximately 300 tumor cells was counted and expressed as a percentage.

Statistical Analysis {#s0070}
--------------------

Between-group differences in proliferation, migration, invasion, animal experiments, microvessel area, percentage of Ki-67+ cells, and tube number were analyzed by Mann-Whitney *U* tests. Differences in gene expression levels between control cells and DDR1-silenced cells were analyzed by Student's *t* test. The *χ*^2^ test was used to analyze the association between DDR1 and each patient clinicopathological parameter. Kaplan-Meier curves were generated to study the survival rate. *P* \< .05 was considered statistically significant. Data are expressed as means ± SEM.

Results {#s0075}
=======

Expression of DDR1 in GC Cell Lines {#s0080}
-----------------------------------

To evaluate the expression levels of DDR1 in human GC cell lines, qRT-PCR and Western blot analysis were conducted in seven GC cell lines. As shown in [Figure 1](#f0005){ref-type="fig"}, *A* and *B*, upregulated DDR1 expression levels were found in several cell lines, with the highest levels in MKN74 cells.Figure 1Expression and function of DDR1 in GC. (A-B) Expression of DDR1 in human GC cell lines. Expression levels of DDR1 mRNA in GC cells were quantified by qRT-PCR (*n*=3) (A) and Western blot (B). (C-E) Generation of DDR1 knockdown in MKN74 cells. MKN74 cells were transfected with shDDR1 and scrambled shRNA lentiviral particles. At 48 hours postinfection, cells were selected with puromycin. DDR1 knockdown was confirmed by qRT-PCR (*n*=3) (C) and Western blot analysis (D). (E) Immunoprecipitation (IP) of DDR1 from cell lysates of MKN74 after incubation with or without collagen I (15 μg/ml) for 3 hours. The blots were probed with anti-phosphotyrosine antibody and subsequently reprobed with anti-DDR1. (F-H) Effects of DDR1 knockdown on proliferation, migration, and invasion. (F) No differences were observed in cell proliferation following DDR1 knockdown. (G-H) Cells transduced with DDR1 shRNA exhibited significantly inhibited migration and invasion compared to control cells. All assays were measured using IncuCyte technology, which monitors cell activity in real time (one image every 2 hours) for a period of 3 to 5 days.Figure 1

Effects of DDR1 Silencing on Cell Proliferation, Migration, and Invasion {#s0085}
------------------------------------------------------------------------

In order to investigate the biological function of DDR1 in GC, we examined the effect of DDR1 silencing using shRNA on cell proliferation activity, migration activity, and invasiveness. MKN74 GC cells, which express the highest levels of DDR1 among seven GC cell lines, were selected for these experiments. MKN74 cells were transfected with shDDR1 and scrambled shRNA lentiviral particles. DDR1 expression levels, as analyzed by qRT-PCR, were downregulated by about 85% in these cells as compared to levels in cells transduced with scrambles shRNA ([Figure 1](#f0005){ref-type="fig"}*C*). The qRT-PCR results were validated by Western blot analysis ([Figure 1](#f0005){ref-type="fig"}*D*). Under collagen stimulation, phosphorylation of DDR1 was lower in DDR1-silenced MKN74 cells than in MKN74 control cells ([Figure 1](#f0005){ref-type="fig"}*E*).

Next, we examined the role of DDR1 in proliferation, migration, and invasion using the IncuCyte Zoom system. We identified no significant differences in cell proliferation in DDR1-silenced cells versus control cells ([Figure 1](#f0005){ref-type="fig"}*F*). In contrast, migration activity was significantly lower in DDR1-silenced cells as compared with that in control cells in the presence of collagen ([Figure 1](#f0005){ref-type="fig"}*G*). Similarly, whereas control MKN74 cells invaded the Matrigel, DDR1-silenced cells were significantly less invasive ([Figure 1](#f0005){ref-type="fig"}*H*). These results indicate that DDR1 stimulates cell migration and invasion in GC cells.

DDR1 Silencing Inhibits Metastasis {#s0090}
----------------------------------

On the basis of our *in vitro* results, we decided to determine how DDR1 affects the progression of GC using an orthotopically implanted nude mouse model. Both MKN74 control cells and DDR1-silenced cells were implanted into the gastric walls of the nude mice, and mice were sacrificed 6 weeks after implantation ([Table 1](#t0005){ref-type="table"}). Tumor incidence was 100% in both groups. Although there was no significant difference in tumor weight, lymph node metastasis was significantly inhibited in the DDR1-silenced implanted tumors. Liver metastasis was also completely inhibited in DDR1-silenced implanted tumors.Table 1Results of Animal Experiments (Orthotopic Implanted Tumor)Table 1[^1]

Histopathological Analysis of Orthotopically Implanted Tumors {#s0095}
-------------------------------------------------------------

MKN74 parental cells orthotopically implanted into the gastric walls of nude mice grew invasively with a stromal reaction ([Figure 2](#f0010){ref-type="fig"}*A*, *left*). In contrast, DDR1-silenced cells grew expansively, and necrosis was observed at the central area of the tumor ([Figure 2](#f0010){ref-type="fig"}*A*, *right*). Differences in DDR1 expression in the tumor cells were confirmed by immunohistochemistry. In MKN74 control tumors, DDR1 was observed in the membranes and cytoplasms of cancer cells, whereas there was no DDR1 staining in DDR1-silenced implanted tumors ([Figure 2](#f0010){ref-type="fig"}*B*). In control tumors, the expression of pDDR1 was observed, and type I collagen was located around these activated cancer cells ([Figure 2](#f0010){ref-type="fig"}*C*, *left*). In DDR1-silenced implanted tumors, activated DDR1 was not expressed by cancer cells ([Figure 2](#f0010){ref-type="fig"}*C*, *right*). The microvessel area (both Lyve-1 and CD31) of DDR1-silenced tumors was significantly reduced compared with that of MKN74 tumors ([Figure 2](#f0010){ref-type="fig"}, *D* and *E*). Ki-67 signals were detected in lymphatic and vascular endothelial cells in control tumors but not in DDR1-silenced tumors. There was no significant difference between the proliferation indexes of the viable regions of MKN74 tumors and DDR1-silenced tumors ([Figure 2](#f0010){ref-type="fig"}*F*). These results indicate that DDR1 plays a significant role in the angiogenesis of GC cells *in vitro*.Figure 2Effect of DDR1 silencing on MKN74 orthotopically implanted tumor growth. Histological and immunofluorescent staining of orthotopic tumors at 28 days after cell implantation. (A) Hematoxylin and eosin staining. DDR1-silenced implanted tumors grew expansively, and necrosis was observed at the tumor center (right). (B) DDR1 expression was attenuated in tumors transfected with DDR1 shRNA (right). (C) In control tumors, there were rich collagen bands, and phosphorylated DDR1 was detected in cancer cells (left). Type I collagen: green, p-DDR1: red, DAPI: blue. (D, E) Mean densities of lymphatic and blood vessels were significantly reduced in DDR1-silenced tumors. The insets show high-magnification images of Ki-67 signal detected in the vessels of control tumors. There was no Ki-67 signal detected in the vessels of DDR1-silenced tumors. Ki-67: red, Lyve1 and CD31: green. (F) Analysis of cell proliferation (Ki-67). There was no significant difference in the Ki-67 proliferation indexes. Data are expressed as means ± SEM. \*\**P* \< .01.Figure 2

Effects of DDR1 Silencing on Angiogenesis {#s0100}
-----------------------------------------

To investigate the effects of DDR1 on angiogenesis, we performed tube formation assays using conditioned media from control and DDR1-silenced MKN74 cells. We found that the mean number of complete tubular structures formed by HUVECs in the conditioned medium from DDR1 control cells was significantly higher than that of DDR1-silenced cell medium ([Figure 3](#f0015){ref-type="fig"}*A*). Next, we examined the expression of several angiogenic factors by qRT-PCR of control cells and DDR1-silenced cells. As shown in [Figure 3](#f0015){ref-type="fig"}*B*, DDR1 silencing suppressed the expression of key genes associated with angiogenesis. In particular, the expression levels of vascular endothelial growth factor (VEGF)-A, platelet-derived growth factor (PDGF)-B, and VEGF-C were significantly decreased.Figure 3Effects of DDR1 silencing on angiogenesis. (A) Tube formation assay. The mean number of complete tubular structures formed by HUVECs cultured in conditioned medium from DDR1-silenced cells was significantly reduced compared to those in control medium. (B) Comparison of gene expression levels of key genes contributing to the angiogenic process in MKN74 control cells and DDR1-silenced cells using qRT-PCR. All results were normalized to levels of the *GAPDH* gene. (*n*=3). Data are expressed as means + SEM.Figure 3

Effect of DDR1 Silencing in Experimental Liver Metastasis Model {#s0105}
---------------------------------------------------------------

Because DDR1 is involved in the regulation of motility, invasion, and angiogenesis, we hypothesized that DDR1 signaling in GC cells may play an important role in distant metastasis. To investigate the effect of DDR1 on liver metastasis, both MKN74 control cells and shDDR1 cells were implanted into the spleens of nude mice to produce experimental liver metastasis. To detect micrometastasis, cancer cells were labeled with GFP. Mice were sacrificed, and histological examinations were performed each week after implantation to detect liver metastases ([Table 2](#t0010){ref-type="table"}). Liver metastasis occurred in 100% of control cells, whereas DDR1-silenced cells did not metastasize. Both the volume and the number of macroscopic liver metastatic foci were dramatically suppressed in DDR1-silenced cells ([Figure 4](#f0020){ref-type="fig"}, *A* and *B*). At 2 weeks after implantation, macroscopic liver metastases were not detected in either group ([Figure 4](#f0020){ref-type="fig"}*A*). However, we detected microscopic tumor embolisms under the microscope in both groups at 1 and 2 weeks after implantation ([Figure 4](#f0020){ref-type="fig"}*C*, *upper panel*). We also observed multiple minute hepatic infarctions in both groups at 1 week after implantation, which we believe were caused by tumor embolisms. At 3 weeks after implantation, liver metastases were enlarged in the control group, while no metastatic foci were detected in the DDR1-silenced group ([Figure 4](#f0020){ref-type="fig"}, *A*-*C*, *lower panel*). We compared the mean microvessel areas of microscopic liver metastatic foci (tumor embolisms) at 1 week after implantation in the two groups. The mean microvessel area was significantly lower in DDR1-silenced foci than in control foci ([Figure 4](#f0020){ref-type="fig"}*D*).Figure 4Experimental liver metastatic model using MKN74 cells. (A) Morphological analysis of liver metastatic foci of DDR1-silenced and control MKN74 cells. Left, mean tumor number; right, mean tumor volume. (B) Representative image of implanted splenic tumor and liver metastatic foci at 42 days after implantation. It was visually confirmed that there were many liver metastatic foci in control livers, while in the shDDR1 group, there were no metastatic lesions in the liver in spite of observed splenic engraftment. Yellow circle: primary splenic tumor. Yellow arrow head: liver metastasis. (C) Immunohistochemical analysis of liver metastasis. One week after implantation, micrometastatic lesions were detected by hematoxylin and eosin staining in both control and shDDR1 implanted tumors. Six weeks after implantation, liver metastasis was enlarged in control tumors (black arrow), while no liver metastatic foci were observed in shDDR1 implanted tumors. Several GFP-positive solitary cells were observed in the vessels however. (D) CD31 immunofluorescent staining of micrometastatic foci at 1 week after splenic implantation in each group. Right, mean microvessel area in each group. Microvessel area was significantly reduced in DDR1-silenced micrometastatic foci. Data are expressed as means ± SEM. \*\**P* \< .01.Figure 4Table 2Results of Experimental Liver Metastatic Tumor 6 Weeks after Splenic ImplantationTable 2[^2]

Immunohistochemical Analysis of DDR1 in GC Tissues {#s0110}
--------------------------------------------------

Finally, we examined the clinicopathological significance of DDR1 through immunohistochemical analysis of 127 GC tissue samples. In normal gastric mucosae, no staining of DDR1 was observed in epithelial cells, whereas some GC tissues showed immunoreactivity in cancer cell membranes and cytoplasms ([Figure 5](#f0025){ref-type="fig"}, *A*-*C*). DDR1 expression was observed in both intestinal-type GC ([Figure 5](#f0025){ref-type="fig"}*B*) and diffuse-type GC ([Figure 5](#f0025){ref-type="fig"}*C*). In total, 34 (27%) of 127 GC cases were positive for DDR1. We next examined the relationships between DDR1 staining and clinicopathological characteristics ([Table 3](#t0015){ref-type="table"}). Positivity for DDR1 was significantly associated with advanced T grade (depth of invasion; *P* \< .001), N grade (degree of lymph node metastasis; *P* \< .001), and M grade (degree of distant metastasis; *P* \< .001). Moreover, DDR1 staining was observed more frequently in stage III/IV cases (23/46, 50%) than in stage I/II cases (11/81, 14%; *P* \< .001), in lymphatic invasion--positive cases (30/68, 44%) than in negative cases (4/59, 7%; *P* \< .001), and in vascular invasion--positive cases (23/52, 44%) than in negative cases (11/75, 15%; *P* \< .001). However, no correlations with age, sex, or histological classification were observed. Kaplan-Meier analysis showed poorer survival in DDR1-positive GC cases than in DDR1-negative GC cases (*P* \< .001, [Figure 5](#f0025){ref-type="fig"}*D*). Univariate and multivariate Cox proportional-hazards analyses showed that DDR1 expression was an independent prognostic predictor of survival in patients with GC ([Table 4](#t0020){ref-type="table"}).Figure 5Immunohistochemical analyses of DDR1 in surgical specimens from patients with GC. (A) Representative images of immunohistochemical staining at the border between the normal mucosa (right) and carcinoma (left). (B, C) Representative immunohistochemical staining images of DDR1 in human GC tissue samples. Both intestinal-type (B) and diffuse-type (C) human GC tissues showed immunopositivity in cancer cell membranes and cytoplasms. (D) Kaplan-Meier survival curves showed that overall survival was significantly shorter in the DDR1-positive group than in the negative group (*P* \< .001).Figure 5Table 3Relationship between DDR1 Expression and Clinicopathologic CharacteristicsTable 3DDR1 Expression*P* ValuePositiveNegativeAge ≤6518 (25%)53.684 \>6516 (29%)40Sex Male25 (32%)53.090 Female9 (18%)40T classification T12 (4%)53\<.001 T2/3/432 (44%)40N classification N08 (12%)58\<.001 N1/2/326 (43%)35M classification M015 (15%)84\<.001 M119 (68%)9Stage Stage I/II11 (14%)70\<.001 Stage III/IV23 (50%)23ly Negative4 (7%)55\<.001 Positive30 (44%)38v Negative11 (15%)64\<.001 Positive23 (44%)29Histologic type Well18 (29%)44.574 Poorly16 (25%)49Table 4Univariate and Multivariate Cox Regression Analysis of DDR1 ExpressionTable 4Univariate AnalysisMultivariate AnalysisHR (95% CI)*P* ValueHR (95% CI)*P* ValueAge (years).601.925 ≤651 (Ref.)1 (Ref.) \>651.200 (0.601-2.385)1.033 (0.513-2.067)Sex.097.222 Female1 (Ref.)1 (Ref.) Male1.865 (0.898-4.241)1.636 (0.749-3.865)Stage\<.001\<.001 I/II1 (Ref.)1 (Ref.) III/IV14.635 (6.415-39.442)11.737 (4.998-32.284)Histologic type.448.135 Poorly1 (Ref.)1 (Ref.) Well1.305 (0.658-2.627)1.737 (0.840-3.617)DDR1\<.001.049 Negative1 (Ref.)1 (Ref.) Positive4.108 (2.059-8.234)2.066 (1.004-4.281)

Discussion {#s0115}
==========

Tumor cells must undergo a series of sequential, interrelated, selective steps for metastasis to occur. These steps include growth, vascularization, invasion of the host stroma, entrance into and survival in the circulatory system, adhesion to capillary endothelial cells, extravasation into the organ parenchyma, response to local growth factors, proliferation, and induction of vascularization. Tumor growth and metastasis are determined not by cancer cells alone but also by interactions between cancer cells and various kinds of stromal components. The tumor stroma consists of carcinoma-associated fibroblasts, smooth muscle cells, inflammatory cells, microvessels, and abundant ECM [@bb0125]. Collagen fibers are the most abundant fibrous protein within the ECM. DDR1 is an RTK that is activated by most matrix collagens, such as types I to V, VIII, and XI, and it has been shown to be involved in numerous cellular functions, including differentiation, proliferation, adhesion, migration, and invasion [@bb0130], [@bb0135], [@bb0140], [@bb0145], [@bb0150].

Cell migration and invasion are central processes in the development and metastasis of cancer. The regulation of cell migration by DDR1 has been reported in many types of cancer cell lines; however, conflicting results have been reported regarding the inhibitory as well as promotive effects of DDR1 in cell migration [@bb0155], [@bb0160], [@bb0165], [@bb0170]. Cancer invasion is a process that requires protease-mediated degradation of the stroma and tissue remodeling. Reports from various laboratories using Matrigel as a matrix barrier suggest that DDR1 promotes the invasion of various human cancer cell lines [@bb0055], [@bb0175], [@bb0180]. We also showed that DDR1 is required for the invasion of GC cells using a Matrigel invasion assay. The upregulation of matrix metalloproteinase (MMP) activity has been reported to accelerate the proinvasive activity of DDR1, and most ECM and basement membrane components can be degraded by MMP-2 and MMP-9 [@bb0055], [@bb0150], [@bb0180]. Consistent with other reports, DDR1-silenced GC cells exhibited significantly inhibited migration and invasion activities compared to control cells in the present study. In an orthotopic transplantation model, we found that the mean microvascular area was significantly lower in DDR1-silenced tumors than in controls. These findings suggest that DDR1 plays an important role in the angiogenic activity of tumor progression. The majority of the DDR1-silenced tumors consisted of necrotic tissue, and proliferating cells were detected only in the peripheries of the tumors. We speculated that tumor center necrosis was due to the absence of angiogenesis and that the peripheries of tumors were maintained by surrounding normal tissue. In contrast, angiogenic activity was sufficient to maintain control tumors. Little has been reported on the relationship between DDR1 and angiogenesis. Song et al. reported that conditioned medium from DDR1-overexpressing renal cell cancer cells significantly increased the number of tubular structures according to a tube formation assay [@bb0185]. Interestingly, DDR1 silencing significantly suppressed the expression of VEGF-A, VEGF-C, and PDGF-B, which are important angiogenic and lymph-angiogenic regulators in GC [@bb0190], [@bb0195]. Therefore, DDR1 silencing seems to concurrently inhibit several steps of the metastasis cascade, such as angiogenesis, migration, and invasion.

Recently, DDR1 has been reported to be capable of inducing multiorgan site metastatic reactivation in breast cancer via noncanonical DDR1 signaling [@bb0200]. Consistent with this report, DDR1-silenced GC cells were almost completely suppressed in our liver metastatic model. We found that DDR1-silenced micrometastatic foci did not grow, and the mean microvessel area was significantly reduced compared to that of controls. These results suggest that DDR1 could be used as a novel target for preventing liver metastasis, especially if GC is detected at an early stage of progression.

DDR1 is also known to mediate cell adhesion to collagen. The overexpression of DDR1 promotes cell adhesion to collagen in several cancer cells, such as leukocytes, glioma cells, and pituitary adenoma cells [@bb0205], [@bb0210], whereas DDR1 knockout in smooth muscle cells reduced adhesion to collagen [@bb0215]. These findings support the notion that DDR1 expression in cancer cells could facilitate colonization at distant organs during the metastatic process. However, the precise molecular mechanisms underlying these processes are not clearly understood, and further investigation is required.

In our final set of experiments, we examined the role of DDR1 using surgical specimens of human GC tissue. Consistent with our experimental results, the expression of DDR1 was significantly associated with N and M classification and was an independent prognostic classifier of patients with GC. It is noteworthy that prognosis is not related to histological type but rather is dependent on expression of DDR1. Investigating the immunostaining of DDR1 in GC cells may be helpful for determining the therapeutic strategy after surgery.

In conclusion, silencing of the DDR1 gene in GC cells resulted in concurrent inhibition of cell migration, invasion, and angiogenesis, which are sequential, interrelated, selective steps for distant metastasis. We also showed that DDR1 silencing in tumors inhibited metastasis (lymph nodes and liver) in both orthotopic and experimental liver metastatic models. Overall, these results suggest that DDR1 is not only a clinically useful prognostic marker but also a promising molecular target of therapy for GC.
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